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EFFECTS OF ATRFOIL PROFILE ON THE TWO-DIMENSIONAL
FIUTTER DERIVATIVES FOR WINGS OSCILLATING
IN PITCHE AT HIGH SUBSONIC SPEEDS

By John A. Wyss and James C. Monfort

SUMMARY

Aerodynamic 1ift and moment flutter derivatives were determined at
high subsonic speeds for a series of two-dimensional alrfolls varying in
thickness and thickness distribution. The wings were slnusoidally oscil-
lated about the quarter-chord axis at Mech numbers from about 0.5 to 0.9.
The corresponding reduced frequency ranges varied from 0.045 to 0.45
et M = 0.5 and from 0.025 to 0.25 at M = 0.9. An evaluation of the
results indicated that wing profile end angle of attack have major
effects on the flutter derivatives at speeds exceeding the Mach mumber
for steady-state 1lift divergence. In general, at supercritical Mach
numbers the trends of the magnitudes of the oscillatory 1lift coefficients
were qualitatively indicated by the trends of the nonoscillatory coeffi-
cients, with phase angles, except for the 12-percent-thick alrfoil,
having only moderate deviation from subsonic theory. The variations in
the magnitude of the moment derivative and in its phase angle, resulted
in a trend toward instability at supercritical Mach numbers. In particu-
lar, for airfoils of equal thickness the effect of an extreme forward
location of maximum thickness was destabllizing in that negative -aero~
dynemic damping existed, implying the possibility of a single degree of
freedom type of flutter. Decressing airfoll thickness delayed the large
deviation from subsonic theory to higher Mach numbers.

INTRODUCTION

This report is concerned with the evalustion of the effects of air-
foil profile on the 1ift and moment flutter derivatives as measured, by
means of pressure cells, on harmonically vibrating two-dimensional wings
at high subsonic speeds. It is well-known that theory does not account
properly for such factors as flow separation and shock formation, hence,
the aircraft designer must of necessity look to experimental values
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whenever such mixed-flow conditlons are encountered. Numerous previous
investigations at lower speede, such as those by Clevenson and Widmayer
(ref, 1) and by Halfmen {(ref. 2), may be cited. With the use of a dif-
ferent measuring technique, the present work extends these previous
investigations to higher Mach numbers s8¢ that emphasis may be placed

upon supercritical speeds for which informatlion 1s meager or nonexlstent,

Since wing profile may be expected to have a significant effect on
mixed-flow conditions, several models were used to determine the effects
of winhg thickness and thicikness distribution on the flutter derivatives.
NACA 65A serles symmetrical airfolls, 12, 8, and 4 percent thick, were
used along with two other 8-percent- thick airfoils with their maximum

thickness at about 16 &nd 63 percent of the wing chord. The models were

oscillated about the quarter-chord axis at Mach numbers from 0.5 to 0.9
with reduced frequency ranges from 0.045 to 0.45 and from 0.025 to 0.25,
respectively. Reynolds numbers, based on the airfoil chord, varied
from 5 to 8 million.

SYMBOLS

a velocity of sound in undisturbed air, ft/sec

b wing semichord, ff

cy. dynamic sectlon 1lift coefficient

em __ dynamic section moment coefficient about quarter point of
chprd

f frequency of coscillation, cps

k reduced frequency, %?

: \'i

M Mach number, .

Ma; -osclllatory serodynamic sectlon moment on wing about axis of
rotation, positive with leading edge up

Pq. osclllatory aerodynamic section 1lift on wing, positive -
upwerds

free-stream dynamic pressure, Ib/sq £t

v . free-stream velocity, ft/sec

“ill.l .o



NACA RM Ashcolb A 3

a oscillatory angular displacement (pitch) about axls of rota-
tion, positive wlith lesding edge up, radians
Oy mean engle of attack about which oscillation tekes place, deg
e Phase angle between oscillatory moment and position o, posi-
tive for moment leading o, deg
¢ phase angle between oscillatory 1ift end position o, posi-
tive for 1ift leading o, deg
w circular frequency, 2xf, radians/sec
dey P&g'i
—_ magnitude of dynamic lift-curve slope, |———|, per radian
da 2bga
deg M.me-:l.e
—_— megnitude of dynamlc moment-curve slope, ——1|,per radian
da. 4= qa
d . .
?FE gin 8 saerodynamic damping component in phase with angular velocity
o

APPARATUS AND METHOD

Models and Instrumentation

The 12- and 8-percent-thick airfoils, NACA 65A012, 65A008, 2-008,
and 877A008 profiles, were of wood-rib and wood-stressed-skin construc-
tion built around steel spars at the quarter chord, which was the axis
of rotation. ©Several wood spars at other chordwilse locatlons were used
to minimize spanwise twisting since the models were driven from one side.
The L-percent-thick model, of NACA 65A004 profile, was machined from
s0lid aluminum wlth a parting line in the chord plane. The upper and
lower halves of this model were bolted and doweled together. Each model
had a chord of 24 inches and a span of 18-1/4 inches. The gaps between
the ends of the models and tunnel walls were sealed with sliding spring-
loaded felt pads or brass strips which moved with the models.

1an NACA 84TA110 airfoil was modified to a symmetrical section by
using the lower surface coordinates for both upper and lower surfaces
and then reducing the thickness ratio to 8 percent.

e
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. In figure 1, the model profiles are illustrated to show the varia-
tion of thickness and thickness distribution. The reference model,
NACA 65A008, is marked to indicate the locations of the pressure cells.
Model instrumentation consisted of 15 flugh-type pressure cells (see
refs. 3 and 4) and 15 pressure orifices along the midspan of each sur-
face of each model. The pressure orifices adjacent to each pressure
cell were used for two purposes: (1) as a means to determine the time-
average chordwise pressure distribution with the use of a multiple
mercury manometer, and (2) to provide ar internmal reference pressure
for the pressure cells. The tubes from each cell and from the adjacent
pressure orifice were Interconnected at the manometer. In order that
the internal reference pressure of the pressure cells would be essen-
tially steady, about 50 feet of 1/16-inch tubing was used from the
orifice to the manometer and back to the pressure cell.

Two llh-channel oscillographs were used to record the instantaneous
electrical difference of the output of each pair of cells (proportional
to the pressure difference between the upper and lower surface at each
chord station) and to record the summation of all cells (proportional
to the variation of the 1ift force}. The output of an NACA slide-wire
poslition transducer, proportional to the model angle of attack, was
simul taneously recorded.

Tunnel, Model Drive System, and Tests

. The models were oscillated in the two-dimenslonal test section in
the Ames 16-foot high-speed wind tunnel (ref. 5). The two-dimensional
channel was sbout 20 feet long and 16 feet high. A view of a model in
place and a diagrammatic sketch of the drive system are presented in
figure 2. The drive rods and sector arm attached to the model were con-
tained within one of the chennel walls.

Records were obtalned with Mach number and mean angle of attack
constant for frequencies from 4 to 40 cycles per second at intervals of
4 cycles per second and for an amplitude of +1°. Data are presented
for mean angles of attack of 0° snd 2° and for Mach numbers from 0.5 to
about 0.9. Sample oscillograph records whlch illustrate the necessity
for harmonic analysls at the higher Mach numbers are given in Ffigure 3.
The 1lift was evaluated by a 12-polnt harmonic analysis of three consec- .
utive cycles of the sum trace. The pitching moment was evaluated by a
12-point harmonic analysis of the individual cell traces for one cycle.

., Since the investigation was conducted in a closed-throat tunnel,
the effects of wird-tunnel resonsnce must be accounted for either by
avolding conditlons in which tunnel-wall effects are significant or by
correcting the results for the effects of the tunnel walls (refs. 6
and 7). Calculations made at the Langley and Ames laboratories employing
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the single-doublet-line, single-control-point solution described in ref-
erence 7 ylelded the following results for a tunnel height of 16 feet,
wing chord of 2 feet, and Mach number of 0.7: At frequencies of 10, 20,
and 40.66 cycles per second, the magnitudes of the coefficlents were
increased by 3.8, 5.0, and 4.7 percent, respectively, due to the presence
of the tunnel walls. These results indicete that, for the conditions of
the calculations, the effect of the tunnel walls was small. However, for
mixed~-flow conditions, the application of such corrections based on
potential flow would be questlionable; hence, to minimlze tunnel-wall
effects, all data obtained at frequenciee within 10 percent of the tun-
nel resonant frequency (refs. 6 and 7) have been omitted. Although the
use of such a procedure does not mean tunnel-wall effects have been com-
pletely eliminated over the entire fregquency range, it is felt that
tunnel-wall effects are not a predominant factor in the trends of the
data.

For a discussion of other factors influencing the precision of the
data, the reader is referred to references 3 and L.

RESULTS AND DISCUSSION

A tabulation of the measured derivatives is contained in tables I,
II, III, IV, and V for the NACA 65A012, 65A008, 65A004, 2-008, and
877A008 airfoils, respectively. The results concerning lift derivatives
are first discussed and are presented in figures 4 to 10, followed by a
discussion and the presentation of the moment derivatives in figures 11
to 15. . :

Lift

Experimental values for the reference model for three representa-
tive Mach mumbers are presented in figure 4 as a function of reduced
frequency. In this figure, as in subsequent figures, the absolute meg-
nitude of the flutter derivative is expressed in terms of the slope of
the 11ft curve per radian and the corresponding phase-angle relationship
between the 11ft vector and model angle of attack in degrees. Theoreti-
cal values at Mach numbers of 0.5, 0.6, and 0.7 may be obtained from the
work of Dietze (refs. 8 and 9), and at Mach numbers of 0.8 and 1.0 from
Minhinnick (ref. 10) and Nelson and Berman (ref. 11), respectively.

In this figure it may be noted that at 0.49 and 0.79 Mach numbers
the flutter derivatives tend to increase with increasing reduced fre-
quency; furthermore, there seems to be a large variation in the phase
angle at low values of reduced frequency at 0.79 Mach number. However,
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Mach npumber appeers to have had a greaiter &éffect on the data than did
frequency at 0.91 Mach number.

Typical results as & function of Mach number are presented in fig-
ure 5 for the reference model, the NACA 65A008 airfoil. The lines show-
ing the theoretical values are identified at one end by the frequency in
cycles per second to which they pertain. Since theoretical values have
been computed in the cited references only at certain Mach numbers which
have already been indicated, an interpolation was necessary to obtain
valuesg at intermediate Mach numbers. Although such an interpolation
inherently involves some error, & consistent set of values was neverthe-
less established and was used for the purpose of determining the effects
of varylng airfoil shape.

To distinguish between the various frequencies, the experimentsal
and theoretical values are each falred with the same type of line. For
example, the experimental and theoretical values for a frequency of 8
cycles per second are each shown with a solid line. Examination of the
experimental data for a frequency of 8 cycles per second indicates that
the trends of both experiment and theory were the same at low Mach num-
bera. As Mach number increased, a large decrease in the magnitude of
the experimental derivative occurred, accompanied by a variation of
phese angle such that the trend toward increasing lag was reversed.
Although the agreement with theory was not precise at the lower Mach num-
bers, it may be seen that the general trends for all frequencies were
nearly the same.

The date from figure 5 are presénted in & different form in fig-
ure 6; the experimental magnitude has been divided by the theoretical
magnitude, and the theoreticasl phase angle has been subtracted from the
experimental phase angle. These quantities are also shown as a function
of Mach number. If the experimental and theoretical values exactly
agreed, the ratio of the magnitudes of the derivetives would be 1, while
the difference in phase angle would be 0. The faired lines represent
the average deviation from theory for the entire frequency range up to
40 cycles per second. -

It is of interest to note that the individual points do not indicate
an entirely random scatter ebout the mean line for the various frequen-
cles. TFor example, examination of the points for 40O cycles per second
in the top portion of the figure shows that these points are usually the
uppermost value at each Mach number. Hence, this figure not only provides
some indication of the range of the experimental values, but illustrates
the fact that, although the values depend on freguency, the general varia-
tions with Mach number asre represented by the falred average curves.

The use of the average deviation from theory appears to be Justified
since it is representative of each model. For example, in figure 6 it
maey be noted that all the experimental points lie wilthin a comparatively

fhri
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narrow band along the faired curves with the exception of the higher
frequencies in the upper portion of the figure. In fact, a band of
width #0.15 in the upper portion of the figure and s band of width *10°
in the lower portion of the figure would contain about 80 percent of all
the experimental points. These results are typical of all the models.
It might be noted that the averaging process used has the effect of
removing frequency as a parameter. It should be noted that each model
was osclllated at the same amplitude and through the same range of fre-
quencies, hence the average deviation from theory indicates the over-all
effects of airfoil shape and the general trends of the data.

Effect of thickness distribution.- The effects of the variation of
thickness distribution as indicated by the curves showing the average
deviation from theory over the frequency range tested are summarized in
Pigure 7 for mean angles of attack of 0° and 2°. It would appear from
this figure that the malin effect of the chordwise location of maximum
thickness was on the magnitudes of the derivatives rather than on phase
angles, although no systematic trend is apparent.

Effect of wing thickness.- The results showing the effects of wing
thickness are presented in figure 8. At an angle of attack of O°, wing
thickness appears to have had a much more pronounced effect than wing-
thickness distribution (fig. 8(a) as compared to fig. 7(a)). As might
be expected, the primary effect of reducing wing thickness was to delay
any large deviation from theory to a higher Msch number.

At an angle of attack of 2° (fig. 8(b)), large differences over the
entire range of Mach numbers occurred between the models in the magni-
tudes of the derivatives.

Comparison with steady-state results.- In order to examine whether
any relation existed between unsteady and steady-state results, a com-
parison with steady-state results obtained from the time-average chord-
wise pressure distributlions for mean angles of attack of 0° and 2° is
made in figures 9 and 10. In these figures, the steady-state date have
been normalized witk the Prandtl-Glauert value of the theoretical 1lift-
curve slope. It may be recalled that the Prandtl-Glauert curve is also
obtained as an end condition as the frequency of osclllation approaches
Zero.

Exemination of these figures indicates that although there appears
to be some parallelism or similarity between the steady and unsteady
curves, the comparison between the steady and unsteady values is at best
only qualitative. For example, in neither figure 9 nor figure 10 do the
unsteady and steady-state curves coilncide throughout the entire range of
Mach numbers. It should also be noted that, with the exception of the
NACA 65A012 airfoil at a mean angle of attack of 2° (fig. 10(b)), the
unsteady values approached theory more closely than did the steady-state
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values, particularly at the lower Mach numbers, that is, from M = 0.5
to 0.7. Although the effect of the higher frequencies in increasing the
level of the curves for the unsteady case may in pert account for the
differences between the curves, this effect is small. However, the one
cheracteristic that is common to both the unsteady and steady curves in
almost every case 1s a trend toward a reduction in magnitude at the
highest Mach numbers. The Mach number at which this trend initiates
cannot be precisely delimited, nevertheless, for the three NACA 65A-series
airfoils at a mean angle of attack of 0° (fig. 10(a))}, the unsteady 1ift
trend appears to be associated with the steady-state flow changes which
occur above the Mach number for 1lift divergence.

It would therefore appear that as a first approximation the Mach
number for 1lift divergence may be taken as a criterion for the onset of
gignificant changes in the trends of the unsteady values, and that this
trend toward a decrease in the magnitude of the unsteady values is
related to the trend of the steady-state data. It should be pointed out
that this conclusion is not as evident for the NACA 2-008 and 87T7A008
airfoils (fig. 9) and for the NACA 65A004 airfoil at a mean angle of
attack of 2° (fig. 10(b)), since these figures indicate that the correla-
tion between the Mach number for 1lift divergence and the initiation of a
downward trend of the unsteady values is not precise and they may differ
by as much as O.l. However, it is felt-that there is sufficient evidence
presented in figures 9 and 10 to indicate that steady-state values may
prove useful as a qualitative indication of the trends of the unsteady-
state coefficients at supercritlcal Mach numbers.

. For the steady-state condition the phase angle is, of course, zero;
therefore no corollary for the phase angle with relation to the oscilla-
tory condition is possible. However, except for the 12-percent-thick
wing, the phase engle shows only a moderate deviation from theory through-
out the speed range of the present investigation.

Moment

The moment derivatives for the reference model as a function of
reduced frequency for several Mach numbers are presented in figure 11
and as a function of Mach number in figure 12, A comparison of these
figures indicates that even though there may have been a greater effect
due to freguency on the moment derivaetives than had been the case for
the 1ift derivatives, from figure 12 it appears that the effects of Mach
number are similar for all frequencies. Hence, the effects of airfoil
profile are again compared on the basis of the faired dverage curves in
figure 12 which represent the average deviation from theory over the
entire frequency range.
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In contrast to the 1ift resulte previously presented in figure 6,
the magnitudes of the moment derivatives greatly exceeded the thecoretical
velues, slong with a much larger variation of phase angle as compared
with theory. These results may be ettributed toc the fact that the com-~
parison 1s between very small quantities in regard to the magnitude of
the derivetives, since the moment is taken about the quarter-chord axis,
and to small movements of the center of pressure which would be reflected
in large changes of phase angle. The generel trends of the results,
nevertheless, are represented by the faired average curves.

Effect of thickness distribution.- The effects of the variation of
the chordwise location of maximum thickness are shown in figure 13. An
apparent characteristic of the NACA 2~008 airfoil, with a forward loca-
tion of maximum thickness, is-a large shift toward a lagging phase angle
a8 Mach number increased above 0.8, such that the phase angle lagged
theory by 80° and 90° at angles of attack of O° and 2°, respectively.
The effects of such large shifts in phase angle are discussed in relsa-
tion to subsequent figures.

Effect of wing thickness.- The effects of wing thickness on the
moment derivatives are shown in figure 1k. As might be expected, the
primary effect of decreasing wing thickness was again to delay any large
variations to a higher Mach nuwmber,

Instability.~ Since there was such a large varlation at the higher
Mach numbers from the subsonic theoretical values, it is of basic impor-
tance to examine the damping-moment derivetives directly to determine
whether instabllity, or the existence of negative serodynamic damping
(implying the possibility of a single degree of freedom type of flutter),
which is not predicted by the theory, existed at these speeds. The
average damping-moment derivatives for the entire frequency range are
therefore presented in figure 15. Also Included in this figure are
dashed lines indicating average values derlved from theory for the corre-
sponding frequency range.

The effect of wing-thickness distribution on aerodynamic damping is
shown in figure-lE(a) for each mean engle of attack. It may be noted
that there was a trend toward instabllity for each model, with the
NACA 2-008 airfoil becoming sbruptly unstable at about 0.85 Mach number
at O° and 2° angles of attack. It would sppear that stability about
the quarter-chord axis increased as maximum thickness was moved toward
the trailing edge.

The effect of wing thickness on the aerodynamic damping moment ie
shown in Pigure 15(b) for each angle of attack. Although the trend
toward instebility does not eppear at 0° angle of attack for the
NACA 65A00L4 profile, the susceptibility of the thinner wing to negative
aerodynsmic damping is clearly indicated at the 2° mean angle of attack.

Sulim—

IR
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CONCLUSIORS

Within the limitations of speed range and angle-of-attack variation
of the investigation, the following general concluslons may be drawn:

1. Section profile has a major effect on the flutter derivatives
at speeds exceeding the Mach number for steady-state 1lift divergence.

2. It appears that the variation in angle_of'attack has an effect.
a8 important as the effect of the varilation in profile.

3. In general, at aupercritical Mech numbers, & qualitative evalua-
tion of the results indicated that the trends of the magnitudes of the
oscillatory 1ift coefficlents were indicated by the trends of the non-
oscillatory lift coefficients, with phase angles, except for the
12-percent-thick model, showing only & moderate deviation from theory.

}, The varietions in the magnitude of the moment derivative and
in its phase angle, resulted In a trend toward instability at supercriti-
cal Mach numbers. In particular, for airfolls of egual thickness the
effect of an extreme forward location of maximum thickness was destablliz-
ing in that negative serodynamic dempling existed, lmplying the possibilility
of a single degree of freedom type of flutter.

Ames Aeronsutical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Mar. 2k, 1954
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.TABLE I.- MEASURED FIUTTER DERIVATIVES FOR THE NACA 65A012 AIRFOIL
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2156 11294 1 6,092 328.9) - - = [~ = = 093 79.2 5.366 3498 « = | = ~ -
«2k7 1205.6 | 5.187 | 356.2{ .64T | 283.0 122 | 10k.5) 5.437 | 350.9| .T21]| 315.6
280 1232.7 | 5.299{ 355.2| ~ = = | =~ = - 153 | 130.4 2.280 346.3f = = =] = = =
.308 |2%6.1 | 5.018 L4} 982 | 279.5 .2 20k.9 | 4,182 | 359.8| .T762[ 300.4
| 271 ) 231.3 | 4.375 0.6] - ===« -
790 | 057 | 2.2 | 8.576] 343.5] .24z | 305.% 299 | 255. | h,282 | 358.2 | 1.08% | 292.6
086 | 77.8[8.362(337.9| - =« - |- - -
.11k 1103.9 | 7.476 | 336.4] .0k5|276.3 <901 .034| 30.9|6.377 | 353.8| .597| 34%0.3
A2 1129.3 | 6,137 3271 - =« =l = = = 056 50.8(5.9811347.9; .606] 316.4
2199 |180.9 1 771 3507 - - ~ [ = - - 086 T7.6|7.353{343.3[ = = =} =~ = =
226 {205.3 | 4,588 | 348.9} .46k | 263.1 .115} 103,5 | 6.628 | 341.9| .688[ 277.1
256 1232.7 | 5.285( 356.6| - - -~ - - 2139 | 125,1 { 5.099 | 333.5| -~ = =| - - -
.198 ] 178.5 [ 3,861 | 353.3| » = «| = = =
.837 | .0%2 | 50.8 | L.Bok| 354.0] .6121]301.6 .225 1 202.7 | k.ok7 | 348.9| .557 | 287.3
OTT | TheT | o590 382,77} = = = | - = - .2 228.8 | 4,198 358. T ~ = =| = - -
«10% |101.5 | 4,780 | 351.6| .88 |269.9 279 | 251.6 | ¥.89%| 0.9 1.126{ 281.6
2182 |177.3 [3.515] 2.6« - -f- = = e
+207 1200,9 | 3.597{ 12.2| .857 |256.9 837 .031] 29.6{4.3181 355.4 285 | 340.8
235 |228. L | k.hkh| 16.5) « -~ ~ |~ - = o5k [ 51.8 4,585 357.6 .606] 306.3
262 1255,k | 5.123] 359.9] 1.736 | 222.0 080 TT.T | 4.TT5[353.3[{ = = =[ - = =
.103 | 100.2 | 4.570 | 3%6.9 941 | 281.%
8851 .030 | 30.7| .965] 47.0}2.719 |348.1 181 | 175.5 | 3.654 [ 348.1] - = - | = = -
.0k | %0.3 | .6k1) 92.7| 3.117 | 348. .208 { 201.7 | 4.068 | 351.4 | .675( 259.2
.080 | 82.1|1.72 59,9 = - == < = 2kl (236.,5{ 4.60L | 13.91- - -] - - -
097 | 99.7 | 1.68 474 2,436 | 310.4 261 | 2%2.3 | %.379 5.3_ 1,316 | 2k2.9
.1k9 [153.2 |2.681] L41.2{ 1.939 | 31k.b £
.176 {181.3 |2.015{ 29.0) = = - |- - - 8851 .030] 30.7(3.%97 | 3471 | 1.256 | 356.8
.201 {207.3 | L.& 33.2| 1.223 [ 30%.0 Oig} s50.3|2.751 | 345.4 879 | 350.2
223 1230.4 12.733| R.1f e = -]w - - 080 82.113.03359.2) =~ =]~ - -
246 |253.3 |2.681 2.4 1.867 | 300.0 L0971 99.7 [2.403 [ 3k2.9| .72 T
149 { 153.2 | 2.647 | 353.5{ 1.389 0.2
1771 181.3 [3.%6% 3506 ~ = =] - = =
202 | 207.3 | 2.122 { 336.5( 1.043 { 333.5
.225 | 230.4 | 3,08k [ 345,6] - = =]~ - =
247 { 253.3 | 3.944 { 356.4 ] 1.36% | 300.4

%
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TABLE II.- MEASURED FLUTTER DERIVATIVES FOR THE NACA 65A008 AIRFOIL

ag = 0° ay = 2°
doy de d
)¢ x o ﬁi ¢ Fs[a. a b’y x l""mi 9 ITG;I [
0.h91 1 0.089 | 48.9] 6.186 |35k.T |~ = » [= & = | GbgZ]0.056 | 30.T[ 5.356 [3%2.2) - ~ = |- = =
o142 | 7842 | 3.638 [3k8.3 [~ = o |= - = 089 | 88.9(5.07h |35k b} - = - |- - -
«18% 1101.3 [ 5.50T (353.3|~ = ~ |- = = N0 | T6.T| k. 3L - === ==
23k |128.5 | 5,319 {357.0) ~ = = [= = = 2186 [ 101.8 | %571 |35T.1] = = « | = = =
#2280 [153.9}6.250 | 1.9[~ = - |- - - 23 | 126.7 | 4205 [358.0] - = = |- = ~
2322 }177.0] 5.518 |3%@.5{ e = = |~ - = 281 |15k k| A520 | Bb] - o[- w-
AST |251.3 ] %5.883 | 19.2] = ~ [~ - ~ 2323 1177.5 | h.3k3 356.0| - = = |~ = =
H63 {25k b | L8028 [ 2k 2f - - -] -
«590 | .OTh | k9.2 | 6.65T [351.0 | 0.k45 |325.6
16| T7.0) 5.8hL |383.6| = = = |« = = .590| 031 | 20.3] 6.21% 313.6 0,561 | 3k1.1
1% | 101.2 | 5.786 |3kh.9 | .26 [F12.2 076 | %0.6) 5.803 [3hk.2| .57 | 331.6
2191 {127.2 | 5.85% [347.5 (=« - = |- - - JAT [ TT.8( 5.263 [3Uskf - ~ - [-- -
.23k |155.9 | 5.673 |3%5.1] .T75 |289.8 .153 | 10e.0{ 5.237 |3%8.0] .388 | 307.1
270 1179.5 | 5.500 |348.2 --- .189 t125,7 | k8683 |346.2) - - - |- ~ -
»387 |231,0 | 5.612 6T |= == |= == «231 | 153.2 i.g{z 3%.9| .70L [28k.%
+383 |25k, b | 6.787 9.5 | 1.213 |290.0 .2T1 | 180.0| &. L -1 B )
346 [230.1 ] ko322 | 13.9] - - = |- - -
680 | L0685 | 50.1} 6.815 [348.9 ]| « = = |= = = . 251.3 | 5.286 | 15.7]| .96k [281.3
Jo2 | 79.% 6.212 3430 = = = {- - ~
«130 [1031.0 ]| 6.%30 (3388 | = v = |- = = «680{ .038 | 29.3|6.628 |35L.7| .T78 | 3ht.0
#1687 1129,31 6.0 |3353.T )= = = = = = .066 | 51.2] 6.183 [3h6.8 .806 | 331.%
<199 |15k.k [ 5,602 [338.2(~ - ~ |- - - 099 | T6.315.972 {34833 = = = [~ = =
295 B8]6.067T ] 2,0]-~-]a-- .133 | 100.6 5.753 |3b1.5| .811 | 309.7
2329 1255.11 6,389 | 2.3[ =~ |- -~ 165 [127.9] 5.68L [335.9 |« = = |~ = =
.200 | 15h.4 | 5.339 |330.3| .872 |e8e.0
728 | 060 | S0.hfT.392 [3%0.9] - =« |-~ - 296 |228.8 ] 5.392 |37 | - = f = = -
0% | T7.2)T7.005 [339.5[~ =~ |- = = .327 |2%e.6| 5.6 {350.6 | 1.09T |278.9
.123 j102,5§ 6.5353 1335.5 | = = = |- =~ =
JI5k [129,1 | 6,008 [331.0] =~ = ~ |- - = .728¢ .037 | 30.T7[7.311 [350.6| .888 [ 3%50.5
£2k3 |20k.9 1 5.696 |3¥T.0f - = = |~ - - <063 | 22.8{ 7.3%7 13h3.1| .okk|330.8
276 |230.% | 6.297 318.2 e === 095 | 80.%]6.759 |33T6 ]|~ ==]= = =
+305 |25h.9 [ 6.196 [3%R.A | = =~ = |= = - «127 | 106.T | 6.%67 338.'{ 972 [ 30M.7T
o156 [ 131.3 | 6,287 1326k |- - =)o - -
.T86 | 038 | =.3|7.999 |339.5[ .837 |323.9 2 206.2 | 5. 3%5.3 [ .979 {252.6
.086 | 78.7]7.381 [336.1] =~ = = |= = - <277 | 233.0{ 6. 33| e e e e a
.11 | 103.9 | 6.851 [326.9| .80% |300.2 .303 [ 255.h | 5.911 |3%.0 | 1.233 | 2T7.%
.1%3 {130.2 { 6,132 [320.9] - - = |- - = )
<199 |1B1.% ) 5.39k |348.3[ e = = J= - = «T61| 036 | 31.8] 8.%3 |3k5.2 .-
225 (20k.9 ] 5.5e5 [3kk.5| .8e9 (28h.5 059 | %51.8[7.863 {3k1L.9 ---
25 2222 5,800 |37 T| =~ == |- - - .091 | 80.0| 6.883 |3k1.2 ---
279 |25k | 6.848 |3%5.7 | 1.367 [2TL.h L117 [ 102.9 ] 6.37T |331.2 -
146 | 128.9 | 6,005 {320.8 -
833 050 | ¥7.7| 7.%88 |33%5.9 .k5k & 206 | 182.0] k21T 1391.8 -
080 | 76.116. 3325 | = = = |= = = 23k [206.01 5.22h |350.2 - -
<205 f100.7 | 6.3%3 |325.%] .A8T [263.8 261 | 229.8 | 5.879 3156.1 ---
L1k 12089 | 4705 [356.2]| . 291.9 290 |255.5 | 6.018 |35k. - -
.238 |227.6 | 5.0k [353.5( - - - |- - -
«263 |251.3 | 6.365 |385.7 ] 1.276 [272.6 86} .03k ;; 3.5322 g;:{ri. g.}
R . . . .2
879 | 26| 26.7]9.006 |336.k[ .223 |198.6 g 76.7| 7.931 |333.0 ---
.08 | k9.2 6.862 [3h9. %] .203 |281.9 +11k | 10k.1 | T.%0 [326.8 286.%
Ok | 75.7 ] T.193 [3RT.6]| =~ - |- = - .1k [131.6 ] 6.300 | 31B.2 ---
.149 11%.9] k.299 [3kT.6] .093 |155.9 2199 | 181.8 k.69k |349.1 |- « = [~ = =
1Tk (178,81 5,315 |393.8| - - = |- - - «225 |205.8 | 5.278 [380.5 | .973 | 275.8
«200 [205.6} 5.350 1358.8| .%1T [2k5.9 25k [232.1] 5.62T |343.6 |- = = | = = =
223 [229.0 g.990 381l - -~ |-~ .283 [258.2 ) 6.853 {3k3.5 |1.5e6 | 261.3
-248 |255.1 6.383 {337.5[ 1.157 |189.3
.833( .030 | 29.k| 8.03k [34T.k | W8T { 3¥0.9
WS1T | <029 | 31.5| 3.7k {3k9.8] 1.232 |327.8 055 | 53.5 a.gg 338.% | .532 | 302.9
R EEd SR I B e {E S I ErE
. 27,7 | 3.437 3&61 I e 2160 | 155.6 | k.320 313.1 206 | 28%.9
1 .3 [ 3.65% [3k8.%] 1.261 [300.6 .186 [181.1] 5.163 [348.2 [- = = = = =
167 3.63% |3hk. G = « |- = < 213 |208.3 ( 5.3 |355.2 | .678 | 286.3
- 188 [2 3.515 |386.1| .5e2 |27L.6 236 [230.7 | 6.23T [39%.0 |- = = | = = =
21k |230.5 | %.228 |3%9.5| = = = |~ - - . £256.1 | 5.502 {3h0.8 |1.013 [25k.1
236 |25k.3 | 3.997 [3k1.9] 1.%b0 2%k
879 2032 | 3.T| T.030 g;I-Q .380 | 311.2
.053 | 5.2 T.460 W6 | 29%
075 | TT.T| 6.702 |333.8 |- = = | = = =
<099 | 103.2 | 5.835 [330.1 { .323 | 168.%
.1%0 | 155.9 | h.6M1 | 336.5 | .297 | 319.9
1Tk [ 180.7T | %.870 {351.0 |w = = [ = = =
2199 {206.5 | 6.217 [348.6 |1.062 | 251.T
225 | 233.5( 6.666 (3We.1 |- - = | = - =
251 | 261.1 ] T.15% | 337.3 |1.27% | 212.0
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TABLE III.- MEASURED FLUTTER DERIVATIVES FOR THE NACA 65A00% ATRFOIL

Gnﬂoo a.m-eo

dcy a d_cl dog|
[ [l e AT e [ T [ ] e B
0.5k { o.0b0 § 27.1| 6.212 | 355.3 | 466 | 33k.T | O0.Lor |o0.086 | 25,5 6,069 [357.7 |- - -} - - -
.080 | 53.h{ 5.849 | 350.1| .LAT | 320.% 095 =.5| 5.699 N T
w109 | T3.1] 54111 357.0 - = = |~ = = L34 TH.O | S.kbYL Shf[ae]lea-
149 | 99.91 5.186 | 3%8.3 | .51T | 308.1 186 [102.5( %176 | B2 = = n] - ~ =
.188 [12%5.7] %.195( 8.2 |= === -~ 205 [126,9 | k848 | Bl |- - == -~
.22k | 153.3( 4.883353.5 1 .771 |28k.8 267 11%0.3 | .37 | 12,4~ ~ =]~ - =
.261 [ 178.0] 5.242 (353.0 |- - = [ - = = .309 | 174.0 | b.TC2 20|~ of-nm-
.342 [ 233.5] 6. 353.8 |- = == = = A48 | 2%2.39.199 |31l |- = =] - - =
.382 [260.9} 8.995 | 330.7 | 1.396 | 219.8
590 | .OkO | 26.9 | %.862 {355.7 | 0.656 | 3k3.0
6911 .035| 26.9] 6,886 1356.L |~ ~ - [-= = - .080 [ %3.0|6.011 {357.3! .642| 33h.3
.06k | 50.0( 6.669)3%0.8 |- = -~~~ A12 | Th.3 [ %873 (398 - - -} - - -
097 { 75.5] 6.039{349.9 |-~ -}~~~ A%k [102.h [ 5.362 | 1.2 8% 33.2
.13 | 101.9} 5.887 {3812 |~ = = |- - = .193 | 131.% 2.091 3518w =f- ==
L162 1126, 5.459 | 355.9 [~ = = | = = = 226 | 154.0 | k982 [350.6 | .790| 287.%
194 | 153.9| 5.251 | 340 [~ - - [ - - - 258 | 176.5 | 5.%01 [3b7.7[-~-| - - -
.2%8 | 204.9| k.981 3.0 [ == |== = .338 [231.0[6.340 | d1lf- - |- -
233.5| T.405 | 346.9 | = = = | = = = 370 [2%2.3 [ 7.528 | 2.7 ) 1.282 [ 2%6.7
327 |2%9.6) T.UT3 | 3R4.3 |- - - [- - -
691 | .033] 25.6 | 7.400 |355.6 | .808| 341.0
S| 032 | 26,61 T.366{356.9| .561 | 338.2 069 | 53.2 1 6.966 {351.9 | .839| 330.2
o sh.1| 6.996 | 349.7 | . 2T.8 09T | Tho6|6.TL8 |3%6.6 |- = =| - = =
089 [ 77.3| 6.%28 13475 |~ = -]« = = .133 | 102.4 | 6,316 5.6 | .856| 332.8
.117 | 3101.9| 6.235 | 345.9 | .629 | 301.1 .16 [ 126.9 | 6,397 3364 [~ - = | - = -
L% 1 126,5) %5,86L1339.7T (=~ - = [~ -~ = 192 | 153.0 | 6.%26 {339.5 | .98k | 298.9
169 [ 145,31 5,078 | 329.0 | .607|2%.3 285 | 227.1 [ 8.3%2 {350,1 [~ = = | = = =
239 [ 20%.3] 5.599 { 357.6 | .T72|2T72.3 .321 | 255.8 | 9.530 |330.7 | 1.564 | 2k3.T
269 [231.3} 7.073 | 346.% | 1.136 | 285.1
303 | 260.7} 7.035 3378 |- - -|- ~ ~ L) L0301 25.2 | 8,117 [353.9 | .975] 345.8
.05 | k9.3 | 7.560 {3517 | .970} 333.5
7981 .030 | 27.k| 7.739 33“«6 609 | 340.3 087 | T2.5|7.25 1353.2 [~ = = | = = =
. 50.2 | 7.522 | 345.7 | .658} 320.5 .120 | 100.0 | 6.93% | 358.4 | 1.00% 5.6
083 75.1f T.AST |343.9 |- = =} = = = AT [ 122,7 [ 6.5Th |359. 1) - = = = = =
.11% { 103.7| 6.606 | 343.5 | .T05|292.7 AT5 | 1.6 | 6,128 [332.8 | 1.03% | 276.5
4L | 127.6( 5.950 {335, 7T [~ = - - = = 235 | 202.7 | %.990 [354.9] . 287.3
197 [ 183.7| 5.30L | 343.5 |~ - -1 - = = « 224, 7 5._.}3? 5 S SN
.218 | 203.0| 5.477 | 343.2 | .86L4 | 27k.3 .297 | 256.8 | 8. 333.0 { 1.536 | 2kk.6
2% | 233.0( 7.536 | 343.4 { 1.217 | 279.4 .
. 259.1| 7.924 | 323.1 |- - = = = = 1981 .029 | 26.0]9.16% {3%2.9]1.1k0 | 3kk.5
- 0569 | 33.5(9.08 |347.4]2.213 2
B850 | 026 25.5] 9.637 | 353.9 |~ = - - 083 Th.5|8.584 [3M.7 |~ = -|= = =
0%3 | 50.91 8.200 | 3hh.L | .664 | 313.6 1k 11025 | 7.322 [ 349.1 | 2,209 | 318.2
. Th.8] 7611 |340.3 )= = =| = = 1351 122.0 | 6,416 IS 1) [y P
.106 | 102.2| 7.025 | 337.k | .736|287.1 9L | 178.8 | 6,260 |345.0 |- = = | = = =
2153 [ 193.4| ¥.%00 | 3k7.2 =08 | 276.% .218 | 204,0 | 7.07% | 343.7 | 1.097 | 280,1
279 [ 1787} %.602 356,01~ - = [ - - - 2Ly [ 228.5(9.002 [335.2 [« = «| - - =
.208 | 208.0| 5.178 { 351.7( . 27h.2 275 [ 258.2 PO.Lh6 [335.9 | 2.05k | 257.2
.231 {231.k§ 6.964 { 298.2 | 1.611 | 251.9
2% [238.%] 8.436 | 3254 |- = = | = - = B5e | .29] 25.6 NO.TI3 3485 .966 | 33k.T
. 5.3 | 9.672 |346.1 | 1.364 | 321.2
00| (025 | 25.%]7.315{347.3] .717 | 331.8 086 | 75.3]9.016 [339.5]~ - -]~ - -
050 | %1.1{8.913 |3uk.6 | .7 310.8 .117 | 103.0 | 8.075 | 345.2 | 1.227 | 301.6
073 | Thol| 8.483 | 3374 (- ~ =]~ - - .139 |121.8 [ 6.56k |326.2 = = -]~ - -
. 128.2] 3.365 [ 329.0 |~ = = = = - 176 | 177.5] 5.269 {345, T |- = = |~ = =
JA8T [155.4 ] k721 [ 341.9 | .| 270.6 204 | 205.1 | %.928 |353.7 | 1.k30 | 282.T
.170 [ 180.6 %.819 |34 |~ - = |- - - .228 1230.2 | 8,365 {336.3 [~ - =]~ - =
195 | 206.6{ 8.097 | 0.6 [ 1.208 | 281.8 253 | 254.7 | 9.206 (338.2 | 2.450 | 279.5
.220 [232.7| 8.076 | 337.7 | 1L.9%T | 305.2
2hh (258,21 T.635(323.5f~ = =] = - - 870 026 ]| 26.3 LL.9W5 (3BT |- - = - ~ -
Oug | h9.T R1.356 {3391 |~ ~ = |~ =~ =
Q2| 025 | 26.1]5.877 i3kb.2 | .438] 328.4 o7k | Th.T | 9.37T |327.6 | %05 | 246.6
.050 | 53.2{ 9.448 [335.5| .82k |290.3 L1201 {101.7 | 7.206 |322.6 | .%10{229.7
.096 112,21 6.885 | 316.1 | .619 | 298. 142 11%1,4 | 4,826 |3k2.6] .311 | 3hk1.8
120 [ 127.5 | %96k [334.T |- - -] - - - 6% {179 | 5.7TL3 [3%6.1 |- - - | = = =
.190 | 202.7 | 6.913 |350.5| .908 | 288.9
212 {226,4 [ 7.880 |340.0| = = = | =~ = =
238 | 254.7 | 9.150 |331.8 | 1.546 | 215.5
ok | .06 | 27.1 p2.237 {347.7 ] 1.008 | 180.1
0% | .7 0.81T7 |326.0 | 1.162 | 14T.2
068 T2.1{9.216 |325.6 |~ - =]~ - -
117 {12305 | 5.181 |336.T |~ - -]~ - -




NACA RM ASkcok ok

TABLE IV.- MEASURED FIUTTER DERIVATIVES FOR THE NACA 2-008 AIRFOIL

qm-()o %_20
deg deg de dom
0.590 | 0.040 | 26.3 | 6.460 | 35k.6 | 0.552 | 347.9 | 0.491 | 0.0%2 | 28.6]|6.240 {358.2 = =« = | = ~ =
.08L | 53.9 [ 6.082 {353.5| .591| 327.2 2093 51.5|5.9191355.0 [- = = |- = =
Q13 | 75.3 ] 5.62% 1350k} - - - - - - 23T | 759 5.838 3514 |- = = |- - =
.155 |103.0 | 5.%36 | 3532.3| .620] 309.3 .181 { 100.2 } 5.329 [ 355.5 [~ = = | - = =
.193 [128.7] 5.5 [351.2 | = = = | = = - 2281 126.2 | 5.324 (3562 [« =« = | - = -
229 [152.5] 5.287 [ 351.2 .TO5|288.k .278 | 154.0 | 5.543 1.2 e w|=-=--
.350 |232.7 | 5.001 b+ J [RC [ .327 | 181.1 | 5.396 31 -==|=-=-
.390 |259.6 | 6.210 ( 1.2| .803]263.9 L85 257.5 | 5.638 | 22.5 |-~ -]- - -
680 .036 | 27.9|7.006 | 351.6| .538| 329.3 .590 | .oho| 26.8]6.691 32:'2 0.57k | 335.9
069 | 53.01{6.433 | 347.9| .615} 329.1 .080| 53.9|6.20k | 356.8 | .639 | 326.9
098 | 75.5]6.118 |349.0| - - - [ - - - 13| T5.6 164093 [ 348k [~ = vl e = -
.13% [103.9 | 5.600 { 3%T.1{| .613 | 306.9 26| 98.2 | 5.706 | 3%2.9 | .60% ) 297.7T
16k |127.2 [ 5,437 [346.0f = = = | = = = 2193 | 129.6 [ 5.650 | 349.6 [ - = = | - = =
197 {152,k | 5.227 | 343.6| .692 | 284.1 231 | 155.1 | 5.665 | 3k8.5 | .737 | 291.%
.266 1206.0 | k.6eT [358.3| .587 | 275.7 .346 | 231.9 | 5.379 48| ec-|-=a-
«299 1231.0 | 5.723 [ 3561 | = = = | - - = .38k | 257.5 | 6.678 1.k 1.0k | 278.3
+329 |254.7 | 5.931 | 350.6 | .995 | 2l2.3
6801 .033| 2%.9|7.3%7 | 355.2| .661| 335.6
<7281 .03L | 25.6 | 8.587 | 350.5| .788 ] 349.0 069 | %3.9)6.880|350.0) .676]| 330.7
063 | =2.8{6.58% | 347.k| .720| 325.8 098] T6.2}164363 34Tl )= ==]|= ==
«093 | TT.6[6.363 |381.T| == =f= == .13% | 10k4,1 | 6.006 { 349.9 | .645 | 305.5
.123 [102.6 | 5.600 | 34k.0| .738 [ 303.9 2167 | 130.5 | 6.026 | 3471 |~ - = | = = =
JI51 1126.5 1 5.194 |3k, T | = = = | = = = 200 155.8 | 5.475 | 345.0 | .669 | 277.2
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NACA 2-008 NACA 65A008 NACA 8T7TAO08
e —

NACA 65A004

MODEL PRESSURE-CELL LOCATIONS
[In Percent of Model Chord]

Cell
number 65A012 | 65A004
upper and| and 2-008, and
lower 65A008 | 8774008
surface

1 1.25 1.25

2 3.75 3.75

3 Te5 TS5

4 15 15

5 22.5 22.5

6 27.5 27.5

T 35 35

8 45 45

9 52.5 52.5

10 575 57.5

11 62.5 62.5

12 67.5 67.5

13 5 ™

1k 85 85 '

15 95 90

Figure 1l.- Section profiles and pressure-cell locations of models.
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Figure 2.- View of test section with model in place and diegranmatic sketch of drive system.
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X Figure 13.— Effect of airfoil thickness distribution on moment
derivatives.
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Figure 14~ Concluded.




NACA RM AShcalk L 3 37
. L5
O ~vAcA 2-008 am, 9°
LO | O NaAca 654008
A NACA 8774008
5 3
0
iad VAR = -
-1.0 Predicted —O .
. from Theory ~
dCm . p=L5 l
Tz les™?
L5
am; 2°
1O
5

| T Unstaoble
. ., /

4
-.5 leable d_ .S'EE::_-A—_ A T .. . W
-L0 -

1 1 T
Points indicate average values for several frequencies
=15 1 ] ) | I I ] —1 | [

.40 .50 .60 .70 .80 .90 1.00
M
(a) Effect of airfoil thickness distribution.
Figure I5.— Damping component of the moment derivatives.
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